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Outline

e |Motivation

® |nteraction model

® (ross section analysis methods
e |ntroduction to T2K experiment
® Recent cross section results

e Upcoming results
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® Accelerator neutrino ﬂm mﬂ!l
experiments were born in t @1..1. L]l

7

t

Accelerator Neutrinos

first accelerator neutrino beam__ -

960s and came of age in
ne 1970s

® 1960s - First pion decay
beam, first focussing horns

e 1970s - Development of big
bubble chambers

® Discovery of 2nd generation
of neutrinos and neutral
currents

Imperial College I 2:/2 \
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Aachen, PL 125B, 230 (1983), Al G P Ze”er

ANL, PL 92B, 363 (1980) ,
GGM, NP B185, 45 (1978), C H, CF Br

Early neutrino data

From discovery to

umcst (preC|S|on) measurements...
:.v“n%vupn' A
J! 3 4"w" J
¢ i @
Y » L ol {s 4
13
i im‘-ﬁ
i
10 10 i W / ult
E, 2(GeV) G.P Zeller
g = ANL, PRL 30, 335 (1973), H, o  BEBC, NP B343, 285 (1990), D,
@ 1.8 = ANL PRD 19,2521 (1979),H, D, 4 EE]&L PE;)LL”;‘; 2?3(‘)‘8(1(19:;)3’)[)2
© 1.6 O ANL PRD 25, 1161 (1982), H D %  SKAT, ZP C41, 527 (1989), CF Br
= o BEBC, NP B264, 221 (1986), H NUANCE
£ 14
(9]
£ 1.2
o 1 _
o v,N — une 11’0
S 0.8 Vel = P
T 0.6 #h o
5 0.4 {qulﬂ b ” it
o 0.2 t '
0 1 10 10° 1 10 10
E, (GeV)
Plots from the PDG! Mordan O
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Neutrino oscillation

N . ]
Y,
Pontecorvo w W
BT Source Detector

Sov.Phys.JETP
26:084-988.1968

Simple 2 neutrino example-
if weak eigenstates (ve, vu) differ from mass eigenstates (v1, v2):

Vel  [cos®  sin®\ (Vv
v,/  \—sin® cos6 ) \vs

1.27 Am?(eV?) L(km)

Pyscillation (V,u — Ve) — SinzzeSinz ( EV(GeV)

Imperial College _.’__R Iz FNAL Wine & Cheese
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Maki,
Nakagawa,
Sakata

Prog.Theor.Phys. 28,

870 (1962)

)

Morgan O.
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http://ptp.ipap.jp/link?PTP/28/870/
http://ptp.ipap.jp/link?PTP/28/870/
http://ptp.ipap.jp/link?PTP/28/870/
http://ptp.ipap.jp/link?PTP/28/870/
http://www-spires.dur.ac.uk/cgi-bin/spiface/hep/www?j=SPHJA,6,429
http://www-spires.dur.ac.uk/cgi-bin/spiface/hep/www?j=SPHJA,6,429
http://www-spires.dur.ac.uk/cgi-bin/spiface/hep/www?j=SPHJA,6,429
http://www-spires.dur.ac.uk/cgi-bin/spiface/hep/www?j=SPHJA,6,429
http://www-spires.dur.ac.uk/cgi-bin/spiface/hep/www?j=SPHJA,26,984
http://www-spires.dur.ac.uk/cgi-bin/spiface/hep/www?j=SPHJA,26,984
http://www-spires.dur.ac.uk/cgi-bin/spiface/hep/www?j=SPHJA,26,984
http://www-spires.dur.ac.uk/cgi-bin/spiface/hep/www?j=SPHJA,26,984

Current neutrino picture

flavour atmospheric accelerator solar Majorana mass
Ve 1 0 0 C13 0 8136_Z’(S C192 s12 0 1 0 0 1
. Oé21
Vy = 0 93  S93 0 1 0 —S19 c12 0 0 e'2 0 1%
Ur 0 —s93 €93 —813625 0 C13 0 0 1 0 0 ei% U3

flavour key: Vu Vr

I V3 2.35+0.12 E-03 (eV?)
. 7.58+0.24 E-05 (eV?
0.05 atmospheric (eV*)
0.31+0.018
I V2 0.42+0.08
0.009 solar
Vi 0.02+0.007
(-0.5+0.62)7 ?
<2 — -

Accelerator experiments measure: Am?32 (including sign), sin?023, sin“623 & dcp

Imperial College I 2: ’E \ FNAL Wine & Cheese Morgan O.
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Accelerator v Experiments
‘ Search for dcp by comparing v,—>ve and vy—>ve. '

Intense l Gigantic detecto_g
b . . |
eam osc:|llat|on’?
V,V,V,V

----m--“" llllllllllllllllllllllllll

[SCiBOONE E} (I)Vnear(E).O-near(E).gnear(E) = (I)Vfar(E’g’Am2,5).0-far(E).8far(E)

Imperial College I 2: ’E \ FNAL Wine & Cheese Morgan O.
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VWhat do
we need?

® Need to predict event rates and

kKinematics of final state particles;

® {0 reconstruct neutrino energy
accurately;

® both kinematic and calorimetric
reconstruction;

e {0 accurately predict background
contamination.

=) Need precise neutrino-nucleus
cross-sections predictions

=) Need good models

Imperial College v—ﬁlz:

Friday, 7 November 14
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Phys.Rev.D 74 072003 (2006)

Morgan O.
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http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+EPRINT+HEP-EX/0606032
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+EPRINT+HEP-EX/0606032

Utility of models: Recent CCQE data

102 T Katori S_lgnlflcant |
S 1 6 ——%— NOMAD data with total error d IscrepanCIGS
LE) 1 4 (b) ] ——— SciBooNE data with preliminary error between BOON ES
~ 12 E [ — (~1 GeV) and
° 10 g e NOMAD (~10 GeV
0 e pobprkphopeg. (~10 GeV).
——as—— MiniBooNE data with total error
6 A RFG model with M% =1.03 GeV,k=1.000
4 RFG model with M¢=1.35 GeV,x=1.007
2 Free nucleon with M,=1.03 GeV
- QE,RFG
10 1 10 E (GeV)
MINERVA data show
clues in recoil hadron
energy deposits
D. Schmitz MINERVA ¢ v Tracker —» CCQE MINERVA « ¥V Tracker — CCQE '
% 300} Area normalized % 1100f _ Area normalized
v U = | = MC with syst. error = 1050 = MC with syst. error
O - + V Background @ 1000 V Background
Quasielastic : - ‘5200;— l'l' ¢ Data ;é; - lj' ¢ Data
(QE) o & | G

knock-out
(2p-2h)

Q P r < 30 em
Two Nucleons @ 100} **

0 100 200 300 400 % 100

200 300
Vertex Energy (MeV) Vertex Energy (MeV)

Imperial College I 2: /R \ FNAL Wine & Cheese Morgan O.
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The effect of models on oscillations

® Cross section models currently used
by experiments cannot describe
K2K, MiniBooNE, SciBooNE, Systematic uncertainties reported by the

MINERVA, T2K observations. world’s most sensitive ve appearance
experiments: MiniBooNE and T2K

® | eads to larger systematic
uncertainties. total err (%)

® Model dependence will always be MiniBooNE 193 17 6
injected into data analysis (2007) ' |
¢ Energy, Q? reconstruction T2K (2012) 7.5 10.3

e Background subtraction

® Using these models will always give Conrad & Louis. FNAL Wine.\ and Cheese Apr 11 2007
such uncertainties. T. Nakaya. Neutrino 2012, Kyoto

® Need to develop better models!

Imperial College I 2: /E \ FNAL Wine & Cheese Morgan O.
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http://www-boone.fnal.gov/publicpages/First_Results.pdf
http://www-boone.fnal.gov/publicpages/First_Results.pdf
http://kds.kek.jp/conferenceTimeTable.py?confId=9151%23all.detailed
http://kds.kek.jp/conferenceTimeTable.py?confId=9151%23all.detailed

Growing Consensus

¢ \Ne need broad coverage

SlOOoooge e
. g|QCXI D™~ MicroBooNE
¢ Model independent °| g  [SoCEoEs
measgrements .at many . pn g|OCEDe " MINERVA
energies, nuclei o= <[OOooooe s
. . — br S|Gka e
e Differentiate between process O
cross-sections... - / 5
. O(CCQE), G(CC reS J-[;), O(CC o« 16?—10-39 —%—— NOMAD data with total error
COh JT,) g -: g ;: (b) H]@)NE data with preliminary error
o 10E 1] J
* ...and final state particle cross- 6" P et e
sections 43 Free nucleon with M,=1.03 GeV
10_1 1 10 ESJE,RFG (GeV)

*o(CC), o(u), o(u+p), o(u+m)

Must succeed to achieve 1-2% total errors for Hyper-K and LBNF!

Today: progress by T2K on multiple xsec fronts.
Alex Himmel will present oscillation results Dec 12.

Imperial College v_f\\ I Z:K FNAL Wine & Cheese Morgan O.
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Interaction mode|

Friday, 7 November 14



v-nucleus interaction models

e T2K’s primary neutrino generator MC is NEUT
e Used by SK, SciBooNE, K2K
e Tuned with fits to external data sets
e 2012: mainly MiniBooNE CCQE, CC1nt*, CC1m% NC1n®

e Fits used to tune model parameters for prior inputs to
oscillation analysis

e (Constrained and cross-checked with SciBooNE and K2K data

e 2014: MiniBooNE and MINERVA v and v data sets

e Fits used to down select default interaction model and tune
parameters for prior inputs to oscillation analysis

e \Working on a publication to describe the model and the fit
procedure

o Also use GENIE and NuWro for cross-check analyses,
systematic errors studies, and deeper inquiries into
neutrino interactions

Imperial College w__f\\ I Z:K FNAL Wine & Cheese Morgan O.
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NEUT interaction model

2012 model & parameters (v5.1.4.2)

e CCQE: Llewellyn Smith, >
MaAQE=1.2 GeV/c?

® CC resonant m: Rein-Sehgal,
MaRES=1.2 GeV/c?

® 2p2h: not simulated

V — CC inclusive— CC resonant---- CC DIS
‘ l -=- CCQE -= CC1n*+ CC coherent

[Em—
[\®)

[Em—
-}

v, o/E, (10® cm2/nucleon/GeV
IIIIIIIIIIIOI\IIIIIIIIIIII

4
® Nuclear model: Smith-Moniz )
RFG .
® RPA effects not included o E. (GeV) 1
e Coherent pion: Rein-Sehgal with ey
4.5 cCDIS

lepton mass effects

— CC inclusive— CC resonant---:
V ‘ l -- CCQE == CC1r*+ CC coheren

2 osf 5

Q" F E

s 4 -

* DIS with Bodek-Yang corrections 5 35¢ =

= 3F =
® Neutrino and antineutrino T 25E
. . . Q -
interactions simulated 2 2
2 1.5F
® v, and ve simulated = IE
: B 0.5F
¢ Only differ at low energy = oF

Imperial College w__f\\ I Z:K FNAL Wine & Cheese Morgan O.
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NEUT interaction model

2014 model & parameters (v5 3. 3)

e CCQE: Llewellyn Smith, MaA95=1.0
GeV/c?

® CC resonant : Rein-Sehgal,
MaRES=1.2 GeV/c?

e 2p2h: Nieves model

L I
-- CCQE like — CC resonant — CC inclusive —]

....... CCQE -=- CC1r* --CC DIS
! ’ CC coherent

U
[\

[
-

v, o/E, (107® cm2/nucleon/GeV)
IIIIIIIIIIIOI\IIIIIIIIIIIII

® Nuclear model: Smith-Moniz RFG 4
e Also have 2D spectral function 2
implemented ol
: 10" 1 10
e RPA effects included E. (GeV)

e Coherent pion: Rein-Sehgal

e DIS with Bodek-Yang corrections

5 5 CCQE  -- CCir* ----CC DIS
V [ ' CC coherent

(Y]
W W B

® Neutrino and antineutrino interactions
simulated

D
9

® v, and ve simulated

e Only differ at low energy

U

e Radiative corrections

o/E, (10* cm%/nucleon/GeV)
(@)
n

e Second class currents =~ 0

6 Z\ Y
Imperial College I 2: FNAL Wine & Cheese Morgan O.
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Analysis Methods
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Method 1: template fit

Compare data to MC, within context of a model, using templates.

| = bin of xsec variable

pred fi = normalisation factor
f 1 N 7 P 7} NiPred = predicted # of events
— Pi = purity

. . ei = efficiency
6’L T(I)z T = number of nuclear targets
@; = neutrino flux per bin

o; = fi <P >,

MC template (MRD-stop)

Reconstructed Pu vs. 6

Reconstructed Pu vs. 6 Reconstructed Pu vs. 6

2 . 2 2
Templates can p, datg B [M(]Pp | 5-0.75 GeV
be produced in o0 |
1300 ﬁ
observed i :
dynamical =00 0O 10 20 30 40 50 60 70 80 90 0 1I0 2IO 3I0 4IO 5IO Gb 7IO 8I0 9I0 0
Va r.i a b I eS , 1150 P “ Reconstructed Pu vs. 6 0® Reconstructed Pu vs. 6

41.0-1.25 GeV

different from

I $0.75-1.0 GeV
100

50

Xsec variable.

1\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
QJ 10 20 30 40 50 60 70 80 90 '

e 10 20 30 40 50 60 70 80 90 o

Imperial College I 2: }E \ FNAL Wine & Cheese Morgan O.
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Method 1: template fit

Fit for values of f; that minimise some GoF parameter (x?, likelihood), and
use MC to infer the measured value of cross section.

Nbins
2 obs p'red SYS staty—1 obs pred
X2 = ) (NG — [ NPT (VUS4 V) DL NRPS — fNE™%)
7,k . . . .
’ Uncertainties: estimated with fake data studies
by repeating the template fit with MC variants.

=6 2'5: | Rate norrﬁallzed to NUANCE
"g R Rate normalized to NEUT
'-IE 2__ ....... D ..... I\/IG-totalerror ................... —

I - MC flux error : . .
-% g8 - [ MCxsecermor, Advantage: This method is especially useful for
N 15__1 ....... = ._1_._1 ...................... l .............. ‘ Inteégrate,d .......... measuring cross sections as functions of input
© = §—° J. i ; . . . . .

] emee . w— / 2

E 2= e variables (like E,) or internal variables (like Q?).
5 1 .0004&0“30:0’0"%2:3:2:3:3:2:3 RS
c % AOA el et X XX XX CX X X X X . s .
L | - Drawback: This method is susceptible to model
E 1 T Y ) S — biaS. |f your MC mOdel diﬁ:ers from nature in some

important way, you can infer the wrong answer!

2.5
E, (GeV)
Imperial College v_ﬁlz: FNAL Wine & Cheese Morgan O.
Friday, 7 November 14 19



Method 2: Matrix unfolding

® Calculate cross section directly from
number of events

o _ 2 V(NP = Bj)

€

1. Apply purity correction
2. Unfold to correct detector smearing
3. Apply efficiency correction

e Normalise with neutrino flux and
number of nuclear targets to get
Cross section

=) Result is flux averaged differential
Cross section

j = bin of reconstructed variable
| = bin of corrected (“true”) variable
Nj°bs = observed # of events
Bj = background events
Ui = unfolding matrix
= efficiency
Unfolding Matrix for CC selection (NEUT)

True bin

0 5 10 15 2

Reconstructed bin
1234 1234 1234 1234 12 3 4 cosO,

1 2 3 4 5 pu(MeVie
do o 1 Nz
dr; T®, Az,

T = number of nuclear targets
@, = total integrated neutrino flux

imperial Collsge | 2/2\ FNAL Wine & Cheese Ax; = bin width Morgan 0.

Friday, 7 November 14
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Method 2: Matrix unfoldlng

¢ covariance matrix

1 ’UCL’I" 2
—_ S nom S nom B
Vi = N Z(% —op )0 — o) 5
var s ~
e Use MC variants to create
covariance matrix
® Neutrino flux is (usually) just a
normalisation error 0
True bins
.We do! Of COUrse, propagate All except flux covariance matrix
the full shape covariance z % o
o Very useful to separate outthe & 0p om0
flux error S ———— . i
: - i I 1 0
T s BN e :
. . | - | 1= 10.02
=) Potential for reducing model s!-----l ---------- In- ----- ...} :
dependence with this method e 1 .= | B
0 5 10 15 20 25

True bins
Imperial College I 2 . Morgan O.
London FNAL Wine & Cheese Wascko
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T2K (Tokal to Kamioka) Experiment

First experiment purposely built for 813 measurement

UPER ki o .2 -
> rre, - s i %
Super-Kamiokande | J-PARC produces 30 GeV
50 kton water cherenkov | & oroton beam, design
detector at 295 km = power of 750 kW
* High intensity v, beam from J-PARC to Super-K
e Discovery of ve appearance ™ determine 613
* Now, try to observe v. appearance
e Precise measurements of 843, 823, Am232: . 6cp?
imporial Colloge. | _ 2 FNAL Wine & Cheese Morgan O.
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T2K Collaboration

A B BT

~500 members, 59 Institutes, 11 countries

Canada
TRIUMF

U. Alberta

U. B. Columbia
U. Regina

U. Toronto

U. Victoria

U. Winnipeg
York U.

France

CEA Saclay
IPN Lyon
LLR E. Poly.
LPNHE Paris

Germany
U. Aachen

Italy

INFN, U. Roma
INFN, U. Napoli
INFN, U. Padova
INFN, U. Bari

Japan

ICRR Kamioka
ICRR RCCN
Kavli-IPMU
KEK

Kobe U.

Kyoto U.
Miyagi U. Edu.
Okayama U.
Osaka City U.
U. Tokyo
Tokyo Metro U.

Imperial College I EHE \
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Poland
A. Soltan, Warsaw

H.NiewodniczanskKi,
Cracow

T. U. Warsaw

U. Silesia, Katowice
U. Warsaw

U. Wroclaw

Russia
INR

Spain
IFIC, Valencia
U. A. Barcelona

FNAL Wine & Cheese

Switzerland
U. Bern

U. Geneva
ETH Zurich

United Kingdom
Imperial College

Queen Mary U. L.

Lancaster U.
Liverpool U.
Oxford U.
Sheffield U.
Warwick U.
STFC/RAL
STFC/Daresbury

USA

Boston U.
Colorado State U.
Duke U.
Louisiana State U.
Michigan State U.
Stony Brook U.
U.C. Irvine

U. Colorado

U. Pittsburgh

U. Rochester

U. Washington

Morgan O.
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T2K Overview

30 GeV Pions decay in MUMON monitor Off-axis at 295 km, Super-
proton beam 109 m decay measures muons from Kamiokande (SK) water
from J-PARC Volume pion decay cherenkov detector
Main Ring (MR) measures oscillated flux
P T p-mon C >
e __[Poffaxis o« M X
e e
———— Yo\, ~
. . > . « .
| | | | // |
dm 120m 280m \ 295 km

W W
o O
e o
& o
O D
O O
> »
in
el
o O
o [«}

N
a1
=)
=4
o=}
O
>
]|
w
o
o

At 280 m, on-axis INGRID
Beam on 90 cm detector measures
graphite target neutrino rate, beam profile

3 magnetic horns Off-axis ND280 detector s o

N
o
o
o

Events (Arbtrary Uniits)
a
o
o

e
o
o
o

focus positively measures spectra for
charged hadrons various neutrino
interactions

. Oscillation probability
Am?® = 2.5x107° eV?
L =295 km

Prob/sin®26

PLLLOOLO0
omhwbuoNnmo-

Beam peaked at 15t max E=600 MeV

PO ST S - U TT ST U [N N SN ST SN TN ST ST U (N N S SN U NS ST T N U N A

0 0.5 1 1.5 2 2.5 3 3.5 4

Imperial College I 2 FNAL Wine & Cheese Morgan O.
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J-PARC neutrino beamline overview
b,

> k“ — = -
a0\ ' # Near Detector

-

-
-’ _ -

-

I
|

-

N cem—

L

| g ) Decay Volume
o 5 © i
109m
Beam dump [ g
. — ©

——— . S AW
- T L L L Lt -
o 11 1) L L

sy _SEEENIREE
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Muon monitor

Pions are focused by
3 electromagnetic Horns.
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Flux and Uncertainties
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External Data and Flux

« Hadroproduction simulated with FLUKA2008.3d,
weighted so that interactions match external data [1]
« NAG61/SHINE (CERN) [2][3], Eitchen et al. [4], and Allaby et al. [5]

] K. Abe et al. (T2K Collaboration), Phys. Rev. D 87, 012001 (2013).

N. Abgrall ef al. (NA61/SHINE Collaboration), Phys. Rev. C 84, 034604 (2011)
N. Abgrall et al. (NA61/SHINE Collaboration), Phys. Rev. C 85, 035210 (2012)
T. Eichten et al., Nucl. Phys. B 44 (1972)

J. V. Allaby et al., Tech. Rep. 70-12 (CERN,1970)

—— T ———T——
6 . . | — Pion Tuning _
1.4 . E --- Kaon Tumng E
4" Int. Rate Tuning CoIInTIIIILT
1.2 i |
L | _
1 4 L) -
0.8 _ - —
I FYRT TR S (N SN SR SN (N ST S, S S S S S R S " ]

g 0.6 0 2 4 6 8 10

E, (GeV)

Imperial College \ . Morgan O.
London V—JK IZ FNAL Wine & Cheese Wascko

Friday, 7 November 14 29

g b wN

(@)}
Weight
o

Tuning weight

—t
=N
|




The Near Detector pit
houses both the
off-axis (ND280) and
on-axis (INGRID)
detectors

3.222 m
<>
NDB
off-axis magnet
: |
5
off-axls baschet -
ND8
INGRID vertical | 941 m
_ - GRID horizontal
< > '
19 m
X

%
Imperial College I 2 . Morgan O.
London FNAL Wine & Cheese Wascko
30
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Beam delivery & stability

[otal Accumulated POT for Physics
v-Mode Beam Power

e Beam operating stably at ) TVl Beam Towe

~225 kW since 2012 (. Z

e Beam delivery f 60 ;1__

® 7.4620 POT TOTAL s« lt‘ 100 &
*~10% of expected total | - » & 2.
®6.9¢20 POT nu A %% %.0%cK.% o

® 0.5e20 POT nubar

e Stability monitored by
INGRID and MUMON FRTIERYESTINCTITINTS

e Event rates drop during 2 - . T “
205 kA and —250 kA 05 | | | | B

- T T T T T T T T T ]
E 1 1 1 1 3
= 4 N =
E-WJM«»}W.»..WMW et B : . ‘ N T ;
3 1 1 1 E

1 1 1 =

: : : . Horn250kA
gt Eventrate 5 .. Horn205kA |
| | .+ Horn-250kA |} — 3

OO0 =tmkeimd
2 HO=N OO

o
[3)]

[mrad] [events/1e14 POT]

 Vertical beam direction

running : "

ue ! : N ]
:—«{»—._.% 1 : | * *!‘f‘ \ ° : = oe—"
5F ! ! : ' Br2K Runs

[ T2K Runi | T2K Run2 1T2K Run3 X T2K Run4 1 MMay. ]
t Jan.2010-Jun.2010 , Nov.2010-Mar.2011 ,Mar.2012-Jun.2012, Oct.2012-May.2013 1 Jun.2014 -

Imperial College I 2: /E \ FNAL Wine & Cheese Morgan O.
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Off-Axis Detector (ND280) Elements

SMRD in Magnet T
Yoke air gaps

UA1 Magnet Yoke

Downstream |
ECAL

Barrel ECAL

|
Imperial College I 2:/2 \ FNAL Wine & Cheese Morgan O.
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Comparison of scintillator sub detectors:

sub detector bar dimensions (mm) channels
Ingrid — 10 x 50 x 1203 8560*
33 x 17 x 2200
POD 2\ XLrX 10400
33 x17 x 2340
DSEcal = 10 x 40 x 2040 3400*
FGD o 9.6 x 9.6 x 1864 8448
7 x 167 x 8750
SMRD - , RPN 4016
7 x 175 x 8750

All use 1 mm Kuraray Y11 double clad WLS fibers; either
mirrored at one end, or read out at both ends (DSECal and

SMRD); either inserted in central hole in bar, or in
S-shaped groove (SMRD)

SMRD

*Ingrid has 10796 channels with new modules

*Complete Ecal has 22336 channels
imperial College I 2 FNAL Wine & Cheese

Friday, 7 November 14

(photos not to scale)
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ND280 event selection

Event selection for
CC analyses relies on
separation of e—, u—, ¥, p d

) CC interaction
in FGD1

TPC PID for particles from v interactions

negative positive
£ 4 « |*™=== MC muons £ i -~ |===MC muons
o r- - MC electrons 10¢ ) 2 = MC electrons
S 35 P === MC protons S 35K o === MC protons
A " e ® MC pions o B ——
X S X -
7)) - o Klg :
n 7 10
° 2 2s
> >
S S
o o 2
c P = -~~~
() o
TO RN T e e T e e
U=
. |
0. 5” ' BFETETE EPETEE BRI EUEE EEEE EUEE SUEEE AT . 1

200 400 600 800 1000 1200 1400 1600 1800 2000
p (MeV/c)

resolution for deposited energy is ~8% for MIPs

R‘ better than the design requirement of 10%
Imperial College T 2 FNAL Wine & Cheese Morgan O.
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ND280 Tracker

DSEcal

ECals, FGD, POD have alternating horizontal and vertical bars forming x-y layers

Imperial College w__f\\ I 2 FNAL Wine & Cheese Morgan O.
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Super-K (far) detector

_ ® 50 kton (22.5 kton
Water and air fiducial volume) water
purification system  Cherenkov detector

b aa g AN Atotsu "
~ . Contolroom | otiice ©~11,000 20" PMT for
: . s+ — innerdetector (ID)
| (40% photo coverage)

e ~2,000 outward facing
8" PMT for outer

_ detector (OD): veto

lkeno-yama 1km cosmics, radioactivity,

Kamioka-cho, Gifufio7gomw  €XIING events
Japan 2

- -

ai— <., @ Good reconstruction
Mozumi SK Atotsu for T2K energy range

e Threshold 4 MeV

Imperial College I 2: /E \ FNAL Wine & Cheese m@m Morgan O.
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v-nucleus cross section results
* ve CC- Inclusive
* v, CC quasi-elastic ]> ND2380 tracker

X v NCn' ND280 POD
9.6 v, NC elastic

§ v, CC-inclusive Fe & CH
* v, CCQE

* v, CC-inclusive vs Enu
§ v, CC coherent pion

ole v, NC Elastic via y emission3> SK (1)
s T 2K\ N orgno

Friday, 7 November 14 39
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v. +C — e + X

ND280 ve analysis

arXiv:1407.7389 [hep-ex]. Accepted by PRL today.

~ - V7 ala ]
POD FGD1  FGD2 | ECal > [ . . | .
TPC1 TPC2 TPC3 8 80:— 7//////; v, CC interactions E
) N 6ok N\ v background =
N S/ - L background .
g 40 n Other background
- +— 20__ ]
N g | :
V- ECal O 05 1 15 2 25 3 35 4 45 5
Reconstructed p. (GeV/e)
e Select e tracks starting in FGD ,§200_—'4_"0';[;”"”"”"""""""""';
= . 777 V. CC interactions
® M 150 ¢
Use TPC & ECal PID - 7 background %
: : 100~ background
® Constrain y BG (from nt%) with : L packerot! .
b sof- Other background é
e*e” sample N N
- &L\
O_l | -

TN BRI B M PP G —
0.8 -06 -04 -02 O 02 04 06 038 |
Reconstructed cos(6,)

Imperial College I 2: /E \ FNAL Wine & Cheese Morgan O.
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v. +C — e + X
ve CC-inclusive cross section

’GIZO 0.14 — LI LR LI LN NN L NLRL LA NN NS BLNLELE NLNLELE B
> L Full phase-space]
0 215 0.12 Z - .
g 9 , N -- NEUT N
§° 1.65— E 0 —— GENIE E
S 13l S b ~- T2K data -
5 =
g 1 0.06 5 -
Qqé 0.75— 0.04 ‘2 E
X .
0.55— 0.02 = i
| | B L:
0% 02 055 075 1 13 165 215 10° 0 n >
True p_(GeV/c) c)
¢ Use Bayesian unfolding S TR oMY k(> 072
¢ Quite a bit of smearing in 8 f — NEUT ‘
T 8 =
momentum due to Bremsstrahlung § - GENIE
. . S 6 .
e Differential measurements of peand £ | —+ T2K data
He i 4%%:17 —:
. X _+— o .
® Full phase space and restricted P ! :

® reduces model dependence p, (GeVic)

Imperial College I 2: ’E \ FNAL Wine & Cheese Morgan O.
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v. +C — e + X
ve CC-inclusive cross section

® AISO initial/internal 3551 S Full l;ha'sc'-s;;ac'c_g
variables 305_ --- NEUT =
25;— —— GENIE _

e Calculated with Bayesian 20f- ~+ T2K data -

matrix method 5 E
- T -

¢ | argest uncertainties are ; 3
® [Flux (1 29(%)) % 03 FRRY: 0.8 : >

do/dQ? (x107 cm?/nucleon/(GeV3/c2))

e Statistics (8.7%)

%un W L LA LA LA LR B LB LB LN NI B APV B B =10 ~
° Detect()r (8 4%) E) 50:_ | | | Full phase-space *i
- Q
= F SRS
- T 40 1 =
® First measurement of ve 5 r e 3
2 B 6
near 1 GeV in 30 years = o ] @
~ ; NEUT prediction | o
i © 201 GENIE predicion || 5
= Possible because of 5 F_ ] L R
excellent detector with g -~ oacin
L T2K data ] -
magnetic field I R B R S R RS

Imperial College V—RIZ: FNAL Wine & Cheese Morgan O.
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v, CCQE

To be submitted to IOP JoP G

vV, tp—p +n

[

[ [ 1 [ ° T 1 1 T 1 |1

pu (MeV/c)

2 1600F ]
<1>) 1400; NEUT tuned to ND280 .
Al “ D — —
§ " é 1200 _ Background -*:
| i 1000F | —— Data -
’ 800" + ]
0 i ]
O 8 400:— .
= 200 | N T L
n_‘I2341234121374112347112.314_ 0
® Select mu- tracks starting in FGD : 2 3 4 5 ”
¢ Require no pion-like tracks or muon 5 255 |~ o™ -
= miniBoone 1 2K Preliminary

d ecayS — 21~ | = NOMAD -
I.\:.I/ N B NEUT (binned) ]
¢ Template fits in pmu-thetamu to extract ° is- .

CCQE xsec | o

: |
o MaQE =1.26 +0.21 -0.18 GeV/c2 0.5 ' {

(1.43 +0.28 -0.22 shape-only) N -
Imperial College J_Zji(\ FNAL Wine & Chees | " E, [Ge\]/(i-

Friday, 7 November 14

Morgan O.
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¥ detector (P(DD)

Upstream ‘mfv"a.tm‘ Tﬁl‘g‘et Central ECal

+ Partially active volume e
+ Two EM Calorimeters (ECal) (it it i ff'éﬁ
— Scintillator + lead HELEERER AT i
— Helps contain EM showers i Wovelengtteatiting Fioer (A RVATVATRTATATRTAVTARRA
» Two water targets (WT) u;” T
— Scintillator + brass +
water(air)

— Removable water to provide
measurement of neutrino
cross-sections on water

— Brass to help initiate EM
showers

I.r:" 1:|

L patrmm EC al CL ntral Water Tarﬂ et

Imperial College I 2 ’E \ FNAL Wine & Cheese Morgan O.
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VM—I—C,O%VM—I—TFO—I—X

POD ¥ rate measurement

>
. . L . - Total Fit
® Looking for NC events with one n®and > Water-in -~~~
— 1L acKkgrounc
no leptons or other mesons < o
e Select events with 2 showering clusters £ T2K Preliminary
= T
. . ShE
¢ Reconstruct invariant mass 30F T 4
e Compare water-in and water-out data
SetS .tO.eXtraCt eventS on O 0() 50 100 150 200 250 300 350 400 450 500
(StatIStha”y) Invariant Mass (MeV)
e Efficiency is a strong function of 7¥ S
momentum = Water-out —
- 60 -~ Fit Background
g b | < 5
é 0.1 : YT++++H++H —' g N ® Data
o 008 ' i | = T2K Preliminary
0.06 + =30 |
0.04 + Hﬂﬂ }l * " 20 ot + .+.
002 44+ H+ H h H * H + 10 S TR
L : ;
| e T —— - 0O 50 100 150 200 250 300 350 400 450 500
0 200 400 600 800 1000 1200 1400

True Momentum (MeV) Invariant Mass (MeV)

Imperial College I 2: ’E \ FNAL Wine & Cheese Morgan O.
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P@OD NC elastic

Pion absorption
V,
8 N
f
Vv Vi «
v

® | ooking for NC events with 1
proton and O mesons exiting
nucleus

® Select highly-ionising tracks
contained in POD FV

e Main BGs
e CCQE

® neutrons from upstream

Imperial College v—ﬁlz:

Friday, 7 November 14

N
—-
—
Ead
fJ
-
aa
¢
-
-
e
—
L
L
—_—
e
—
—

FNAL Wine & Cheese

VM%—p,n%quLp,n

lxug External bki
l()(lz
H(lg
l.‘;(li

100}

80+
60}
40}
20}
. |
-40 -20 0 20 40 60 S0 100
PID pull
Morgan O.
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VM—F}?,TL%VM—I—]?,TL

P@OD NC elastic

N, Selected number of events in data
N I BmC B, background prediction from MC
<O >qux= T total number of target nucleons
Tde ®  Neutrino flux
€ Selection efficiency correction
e Uses data with water in the POD
Bko by Folcategory ] -
® Reported as cross section per ssousdesand 8 e
1% Other 3 S00E -Kmemath varuabiles ready B OO
nucleon 8% NG S 200 for future differential cross
2 17% Ooumde = E (‘()n:: section measurements
ijp(){)_ g ’ _ «Sample is 88% protons
® Averages over carbon, brass, = | Z s *Samplels 86% p
o 1000 40(L
water 5 : oo
£ soof T2K, Preliminary
e Background subtracted result  “ - wf-
0 01 02 03 04 05 06 07 08 09 |
400 -
e select 3936 events , 2016 BG . Extomal bika scaling —
o factor applied W

. USIng 9'9X1 O POT 0 200 400 600 800 1000 1200 1400 I()();) 1800 2000

T, [MeV]

2

Consistent with NEUT and GENIE
nucleon within errors.

Imperial College I 2: }E \ FNAL Wine & Cheese Morgan O.
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¢16 standard modules.
eAlternating iron, scintillators layers.
eMain purpose is beam monitoring.
¢1 extra module (Proton Module).
eFully active scintillator.
eDeveloped for cross section studies.

|~ 0m

~10m

_ Beam's eye view
Plan view

W7 W7 W7 W7 W7 VT W Proton Module INGRID

INGRID
vertical
modules

™ INGRID horizontal modules

Imperial College I 2: }E \ FNAL Wine & Cheese Morgan O.
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v, +C, Fe—p +X

INGRID C/Fe ratio

Phys Rev. D 90 (2014) 052010

- 50210 — . .ﬁb‘dﬁ; - 50’;‘,0?'“. ] — — . _ﬁb‘(’{b:
8 asF + T2K off-axis (ND280) is00 2 S asf iso0 2
"E) 40[- SciBooNE . /‘il(){)("l(é :E) 40F MINOS ,—"‘—flouur__é
g F NOMAD PRI £ 1=
= 35 ‘,"' €|4(')(')§ = 35F P 14002
i%, 30 ,—" 1200 7 f):, 30 —]300%
SRS - e - o O - ’,' - 1
° 256 Ry 1000 5 © 25 e Jiono B
20F .-"':o" ] —e— T2K on-axis data 800 % 202_ o g —e— T2K on-axis data 800 %
F et ... NEUT 1 = as T ... NEUT 1 =
E 1 e ---- GENIE E 155 B st ---- GENIE E R
10E- Chese Y NEUT flux average -, = 20T NEUT flux average _,,,
- .3.;."' ------ GENIE flux average 1 - P N LT GENIE flux average ]
S5 & v, flux 200 SE v, flux oo
- f | oA o . ‘ =
% 1 2 3 4 5 6 % 1 2 3 4 5 6
E, (GeV) E, (GeV)
. x10’
~ 1.3 T —————2000 —~
® Select events in proton module g T T RERRE
2 - MINERVA —1800 X
(CH) and center modules (Fe) S 12 600
_ ag_ . 14002
e Extract cross sections on C and = 0%
. . {3 . . bb) \fb : . é
Fe with 1-bin "matrix unfolding oo Jlow s
th d © o —e— 12K on-axis data 300 é
oobi e NEUT {1 =
metno o ---- GENIE o0
[ NEUT ﬂ}llx average 40
. 0.8+ .. GENIE flux average
e Fe/CH xsec ratio also calculated g v, flux E
i R S
7% 1 2 3 4 5 6
E, (GeV)
Imperial College I 2’2 \ FNAL Wine & Cheese Morgan O.
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052010
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052010

v, +Fe—pu +X
Extracting cross section vs. E,

Definition of Energy spectra
grouping modules 0¢ Predicted by MC
- :-'OT i Group 7
e Count events in different & o6l " aroans
mOdUIGS % I — Group 1
c 0.4
¢ Use off-axis effect to vary E, :
w 0.2
(Bor=0-0.9°) s
2 3

® Further categorise events:

=0 | E, (GeV)
e Downstream(DS-) escaping DS escaping
e NonDS-escaping Vu& e Al DS-escaping
e z-position of interaction vertex . ‘grteggfl o
— NonDS-escaping ORI oestaApins
= \|C template method to

vertex/.=7

P Side escaping
measure Xsecs -
Vi gﬁ! .
> h Fully|contained | 5 Z
I:Il: S E, GeV

...... > 7
Imperial College I 2 FNAL Wine & Cheese

Morgan O.
Friday, 7 November 14
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v, +Fe—pu +X

Energy dependent cross section

N 50 X 1'()_39' ! | ! ! ! | ! ! ! N\ x 1'()_3? ! | ! ! ! | !
§ : © T2K INGRID flux ave. “§ % T2K preliminary
o 40F -® This result RS L\D l L
= F T S 10F e -
ey 1
T v I o I S
S Y > L B AR S <
o 20F SO . R -
- & NEUT ] g 5_‘___: © T2K INGRID flux ave. — NEUT ]
10F ¢  GENIE - af : ® This result " GENIE ]
ob<” . T2K preliminary ™" : R A
0 2 4 6 0 2 4 6
E, (GeV) E, (GeV)
1.1 GeV 2.0 GeV
C t1
(10ssemtmucioom | 110£0.13£0.12 | 2.07+0.23£0.06

(Flux & Det. response & Neutrino interaction) X Secondary interaction

We are now evaluating the systematic error for the cross section at 3.3 GeV

Energy dependence is determined in a model-independent way!

Imperial College I 2: /E \ FNAL Wine & Cheese Morgan O.
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Vy TP — [ +Nn

INGRID CCQE

Two-track sample

One-track

Proton Module

’

M( ,

$F ~SF - o~

Standard module

)—-—”""LW

Proton Module

Results with default NEUT

1 -39
16><Ilpl T T TTT T | T T T | T T T | T T T | T T T | T T T | T T |72000/—"‘
14 —8— SCiBOONE _: 1800
—=— MimiBooNE = 1600
NOMAD .

6 “F(ecm?/neutron)
o

L — e —
]
== =
S
| | * T,
= T

[S—
o g
|III|III|III|III|III|III

- -

-

--------------
-----------

—— Result from one-track]
—§=— Result from two-trackqsoo

y  O\NY e NEUT ]
s ---- GENIE _;600
Y~ )\ NEUT flux average —{400
Py SICTEY GENIE flux average J
3 v, flux 4200
oL | ERTRTERN BRI BRI R
0 1 2 3 4 5 6 7 8
E, (GeV)

Imperial College I ZIK \

Friday, 7 November 14

& <& ~&~

¢ “%Fem? neutron)

FNAL Wine & Cheese

Standard module

»  Results with SF NEUT ;
x10° x10
16 L T T T 1 | T T T T | T T T T | ' T T | T 17T | T T T 1 | T T T 1 T T T T _2000 [f__“\
- 15002
14 — . 18005_
B —{1600 =
12— . %
L <1400
L ] g
10 :_ —1200 7
8 & = 1000NE
- —k— Result from one-track] =
6 F —§=— Result from two-trackqgoo %
Y L L AOY NEUT 7 &=
T o —600 _=
41 ---- GENIE 7
o A\\ND e NEUT flux average —400
pJH PN & “ 0 IOV GENIE flux average 7
?;’ v, flux 200
’ [ T R BT A B |_0
00 1 2 5 6 7 8
E, (GeV)
Morgan O.
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v, +C —p~ +7174+C

INGRID CC coherent pion production

Muon angle CUt ¥a] FT T | TTT | TTT | Ilvellr.ltlelxl IallcltIVIty CUtII TTT I TTT I TTH - -
ol L TTT | TTITT I TTTT I TTTT I LB | TTITT | TTITT I TTTT I TTT I_ p— — D‘Ita 4 ‘V —_
2 2onb —+ Da ] S 140 3 /
§ 300 4+ \Lﬂaé“(‘ coherent T 2 C x Egé!therm‘ ] l
7 C + v, CCQE ] & 120E £ Vi =
S F CC h ] C EZAa vy CC other .
5 2s0r [+4 v, CCother 3 ° f I v, NC :
g [ # Y. ff ] £ 1001 EEIV, +V, =
E 200:— B.G. from outside 5 %0 5 B.G. from outside E
Z 1s0f- E S -
150F . 600 =
100F 3 a0b E
50 = 201 =
i e g sy T . | i v o 3
%10 20 30 4|0 5|0 60 jr':[] sl(] a0 DO' 20 40 60 80 100 120 14-0 16{} 180 200 220
Angle of muon track (deg.) Energy deposit (MeV)

lllIIllllIllIIIllIIIlllIIIIIIIIIIIIIIIIIT‘III_

95
E 35 —— Data - 5}}(8}0
g : V CC Coherent T[: : /c-;; :I T | [ | T T | [ | [ | T T | T T | [ | T T | T I‘.:'-I': g
o 30K NN V CCQE 4 38 7F —=—SciBooNE .7 18005
3 - 7 v CC other - § - —— K2K SciBar .= 1 g
= sl -V NC 9 &6 T —16005
3 - AV, v, ] E S . \ 14002
& n B.G. from outside 1 £ A\ —e— T2K on-axis data - ,\2
5 20 = 8 Fk v, flux 0 s
Z g 1 Y4 " 1000 5
also seen by ~ . e 1=
] 3 e —800 ~
i i C L 80%C 1 ittt s NEUT -
{SanooNE(} 10 : B e e L GENIE E
] Y | NEUT flux average_ T4
S = ARV A GENIE flux average
w - g 200
-7 GG nn VI o z 7 C 5. ]
= W % T = =" P -
00 10 20 30 40 50 60 70 8 90 %05 1 15 2 25 3 35 4 45 &
Angle of pion track (deg.) Ey (GeV)

Cross section at mean energy of 1.5 GeV :
Occeon = (1.03 £0.25(stat. )23 (syst.)) x 1073 cm?Z/nucleus

T2K sets 90% C.L. upper limit 0¢ccon < 1.98 X 10732 cm?/nucleus

Imperial College I 2: FNAL Wine & Cheese Morgan O.
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V,, +160 — v, +p 1o

SK NC QE

Phys Rev. D 90 (2014) 072012

e Measure NC QE scattering : | = i
by detecting nuclear de- £ g = | i
. . = = 3 3 I lated
excitation gamma AR A 2
e Select low energy 1-ring T Eea { m 1
e-like events, with fiducial  Seens (G | e ITHHL
VOIume and beam-tlmlng v " ’ " . Q:_Th i l;;ccon:ruclcdjtncrﬂ\':;.\lc\":”
cuts — Y
= : -------- Ankowski NCQE cross section
® Flnal CUt on reconstructlon ‘O’Qb i : Fl;l‘:llz—::i\-':ragcd Ankowski NCQE cross section -
quality parameter = T kv
e Combines PMT hit Tt i
position and timing |
® 43 events observed! L/ ]
® Cross section extracted with

template method (1 bin) N N W S—

Neutrino Energy (GeV)
Imperial College m‘z: FNAL Wine & Cheese Morgan O.
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072012
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072012
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Upcoming results

lotal Accumulated POT for Physics
v-Mode Beam Power

x 10" . V-Mode Beam Power

® Antineutrino results

® yand v measurements on Oz ,,

ted # of Protons

o ST
J J

= I8 :
e CC coh pion in tracker S 20 a Ej ¢
< e &

2010 2010 2011

e 1, CCOn/CC1m/CCother 00 i o
e v,Pbin ECals
e y.-Aringas TPCs

Jan/01 Jul/O1 Dec/31 Jul/02 Dec/: '
Time

Look for u*

Sciﬁtillator
Ly
A\ j -~
\
Scintillator

Contains inactive 1
water layers
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Upcoming results

e Antineutrino results

e yand v measurements on O
e (CC coh pion in tracker

e ,CCOnt/CC1Ant/ CCother
e y,-PbinECals

e y.-Aringas TPCs
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e Antineutrino results

e yand v measurements on O

e (CC coh pion in tracker

 ,,CCOn/CC1Am/ CCother

e v,Pbin ECals
e y.-Aringas TPCs

Friday, 7 November 14

Will test new NEUT model with improved
NDZ280 event selections, and make
differential cross section measurements
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Upcomlng results

[:m__ 4] SubRun mumber -5 | Event numbar - 502255 | Sill - INVALID | Time - Man 19800101 030000 JST | Parséian - 65536 [Trigges- Not

New reconstruction
in ECals
based on Hough

; _ transform

e Antineutrino results
Very good at

separating tracks

from same vertex

e yand v measurements on O
e (CC coh pion in tracker

e 1,CCOn/CC1Amt/ CCother Possible tracks

traced out in

m)

e yv,-Pbin ECals gzz distance-angle
. [Zhae. space,; hot-spots
e y-Aringas TPCs S 0l 4 oW trac’f(
S Vg candidates
5 -50 34
() L
-1008 _ Current ECal
150, 7 reconstruction
200! would find a
2500 2K ¥ odress B shower-like cluster

0 20 40 60 80 100120140160 - for this event
Track angle (degrees)
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Upcoming results

e

Outer w
// o
g B | Il and
. T Wa an
. directior s >
fi¢ nf Cage

e Antineutrino results N
* vand v measurements on Op:_L» )
e (CC coh pion in tracker B / 7

e 1,CCOn/CC1mt/ CCother
e v,Pbin ECals
e y,~Aringas TPCs

® .. .and even more than that!

TPC Reconstruction EXtension|| / \

processes TPC images
Looks for lines and junctions
with assigned PID values EZ
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Summary

e T[he community needs newer and better neutrino-
nucleus interaction measurements

e T2K has a wide variety of high precision subdetectors
exposed to a wide variety of neutrino fluxes

e \Ve are making unique, precise new measurements with
® vy, andve vand v;
® on-axis and off-axis detectors;
o (, Fe, O, with Cu-Zn, Pb to come
® Daselines of 280 m and 295 km!

® There are more measurements with better precision on
the horizon for T2K

See http://t2k-experiment.org/for-physicists/ for more information
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